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~’his paper discusses the electrical properties of the complementary
hcterojunction  field-cfkct transistor (0 ll~};l’)  at 4 K, including the gate
leakage current, the subthrcsho]d  transconduclance,  and the input-referred
noise voltage. ‘1’hc Cl IIFI;T is a GaAs-based transistor analogous in
structure and operation to silicon CMOS, and is being explored for
possible application in readout electronics operating at 2-4 K. It is showJl
that Cl lI;liT is fully flmctional  at 4 K, with no anomalous behavior, and
that the drain current shows the expcctcd  dcpcndcncc  on device size and
gate vo]tagc.  “1’hc  input-referred noise is on the order of 1 pV/~} IZ at
100 } 17,, The gate current is strongly dependent on the doping at the gate
edge, and is on the order of 10-] 4 amps for dcviccs  with the lightest
doping. A simple multiplexed op-amp is prcscntcd,  along with its transfer
characteristics at 4 K.

IN’I’RODUCI’ION

‘1’hc design of systems that include detector focal plane arrays operating at
tcmpcraturcs  below 10 K would bc greatly simplified by the availability of readout
electronics that can operate at the detector temperature. Otherwise, the designer is forced
to isolate the electronics in a warmer compar[mcnt and run a wire for each sensor in the
array from the focal plane cold head to the warmer electronics compartnmt.  ‘1’hcsc wires
carry heat from the electronics compartment to the cold head, increasing the load on the
cold head refrigerator or cryogen supply. l’hc wires are also susceptible to cross-talk and
to the pickup of noise through electromagnetic induction or microphonics. As the array
size increases, these problems bccomc more acute, making this “brute force” method
increasingly ICSS attractive. IJy contrast, if the electronics arc placed directly on the cold
head with the sensor array, these problems arc rcduccd  or eliminated. The sensor array
can bc bump bonded directly to the associated array of electronics, which reduces the
electrical connection bctwccn  the sensor and electronics to micron lengths, making



clcctromagnctic  and microphonics noise pickup ncgligib]c, Also, since the electronics and
sensor arc at the same tcnq)craturc,  tbcsc connections do not contribute to the }lcat  load.
}Iccause the electronics amplify and multiplex the signals from the clctcciors, there arc
fewer leads coming ofl of the cold head for rcctuccd heat conduction, and the amplified
signals arc ICSS susceptible to noise.

‘1’hc major technical challenge involved in building very low tcmpcraturc  electronics
is ctuc 10 Ihc phenomenon of carrier “frccz,c-out.  ” ];or semiconductor matcria] that is not
heavily doped, it requires a small but finite energy to liberate carriers fioJN the dopant
atoms so that they can travel freely through the semiconductor and contribute to
coJlduction.  At sufllcicnt]y low tcmpcraturcs,  the carriers lack the required energy and arc
recaptured by the dopant  atoms or other traps. l’his causes the conductivity of the
semiconductor to fall sharply as the tcmpcraturc  is Iowcrcd,  which results in degraded
pcl”fornlancc, o r  comp]ctc  dcvicc faihu’c, of any transistor that is made of that
Semiconductor. I!VCJ1  if the dcvicc dots not fail complctcly, the trapping and de-trapping
of carriers causes the conductivity to vary with time, This results in I/f noise and in
performance anomalies such as hysteresis.

lly far the most popular material system for low power electronics has been silicon
Comp]emcntary  mcta{-oxide-semiconductor (CMOS) tcchno]ogy.  ] lowever, silicon is
poorly suited to very low temperature applications. “J’hc ionization energies for free
carriers in silicon is relatively high. As a rcsuh, silicon frcczcs-out  at a relatively high
tcmpcraturc, and it requires very high doping Icvcls  to make silicon ctcgcncratc.
~onvcntional silicon bipolar transistors cease to function below about 50 K, CMOS
transistors can operate to somewhat lower temperatures, but conventional CMOS still
exhibits excessive noise and current-voltage anoma]ics sLJch as kinks and hysteresis below
about 20 K. ‘1’hc state-of-the-art CMOS optimized for low tcnlpcraturcs has demonstrated
anomaly-fi”ee performance and moderate noise Icvcls down to and slightly below 10 K (1).
Despite this advance, it is not clear whether silicon tcchno]ogy  will be able to meet the
rcquircmcnts oflow-power, low temperature analog electronics.

IIy contrast, GaAs-based transistors exhibit superior performance at low
tcnlpcratures, ‘] ’he ionization energy for e]ectrons  is nlLJch sma][cr  that for si]icon, so it
freezes-out at a much ]owcr tcmpcraturc,  and bccomcs  degenerate at nnJch ]owcr doping
conccnt  rations. III addition, epitaxial  growth tcchno]ogy  is highly advanced for GaAs-
bascd structures which allows the growth of very pure semiconductor with few
background impurities that can act as traps. It also allows the growth of hCterOjUJICtiOJIS
that can separate the carrier charge froJn traps and dopants. Several groups have begun to
explore GaAs-based  transistors for low temperature readout electronics applications (2-6).
IJor cxamp]c,  R, Kirschman ct. al,, have studied commercial and foundry GaAs Junction
field-effect transistors (JIIWTS) and n~ctal-Schottky  field-eflcct transistors (MI{ SI;J;TS)  at 4
K (2). Also, Kozlowski  ct. al., have designed GaAs-based circuits for low tcmpcraturc
readouts (3).



As paJl of the NASA Sensor lllectmnics  Program, J])], has bccJ~ studying GaAs-
bascd electronics for readout electronics applications in the 2-4 K tcmpcraturc range.  ‘1’his
has incluclcd  an investigation of the low-temperature properties of a type of ~MOS-like
GaAs-based transistor cal!cd  the complementary hctwojunction  fie]d-cfkct transistor
(C311’1;’1’). I’hc ~1 ltilll’ was dcvclojmd by 1 ]oncywcll  for high-speed, rool~l-tel~~l>cratLlre
digital applications (7). It has several features, however, that indicate that it might be
suitable for very-low tcmpcraturc operation.

Across-scction  ofthc(llt~I;”]’  iss}lowninl;ig.  ]. Starting onasenli-insu]alin  gGaAs
substrate, molecular beam cpitaxy  (M1311) is used to grow a GaAs buficr layer, an In(jaAs
channc],  a high a]uminum mole-fraction AIGaAs layer, and a thin GaAs cap layer for
surface passivation,  A WSi gate is deposited and serves to make the source  and drain sclf-
aligned. ‘1’hc entire structure can be undopcd  cxccpt for the implanted source and drain
which arc degenerately doped, These implants can be either n-type or p-type allowing
complementary transistor circuits. ‘1’hc device operates in enhancement mode in a manner
analogous to that of silicon CMOS, with the AIGaAs layer playing the role of the oxide. A
.gatc voltage draws electrons or })OICS into the channel where they are confined vertically
by the AIGaAs dielectric. I’hc carriers move laterally, and are collected by the drain. ‘1’hc
gate vohagc modulates the channel charge density above threshold, and the channc]
potential below threshold.

‘1’hc availability of complementary devices is extremely usefu] in the design  of low
power electronics. ‘l-he fact that the structure can be made so that each region of the
device  is either degenerately doped or undopcd  makes the device immune to fiecm-out.
llccausc  the carriers are confined by the hctcrojunction  barrier to a channel that can be
undopcd, the carriers can have very high mobility, and will see fcw impurities, traps, or
surface states to scatter or trap them, “1’ogether  these facts indicate that the C]]FI;’I’ offers
a good deal of promise as a Iow-power, low-noise device functional at very low
t mperat urcs.

([JRRI;N’J’-VO1 .TAGIi  C3 IARA~’1’l+XIS’l’l~S

‘1 ‘WO lots of 0 ll;ll’l’s were fabricated at 1 loneywc]l  Systems and Research Center
and were sent to J})l. for characterization. I’he AIGaAs dielectric layer thickness was
250 ~ for these cxpcrimcntal dcviccs,  and the aluminum mole fraction was 0.75. As stated
in the previous section, it is possible to fabricate the (1 If FIi’I’  sLJch that it is entirely
undopcd  except for the source and drain. ‘1’he devices that were tested, however, were
fabricated as part of a larger lot designed for high speed digital applications, and used a



delta-doped ]aycr in the chatmc! in order to make the n-channel and p-c,hanncl thrcsho]d
voltages more symmetric, in addition, some clcviccs also included a WCII implant. I’his was
a p-type implant for n-channel dcviccs  and n-type for p-channel cicviccs.

‘J’hc current-voltage charact cristics both above and below threshold were measured
at 4 K using a } 11)4 14511 semiconductor parameter analyzer. ‘1’hc transistor curves for an
n-chamc]  and a p-channc] dcvicc  arc shown in };ig.  2. ‘J’hc clcpcndcncc of the drain current
on the gate vohagc  at 4 K is examined in }“ig.  3. q’hc subthrcsho]d  current for various size
dcviccs  is p]ottcd OJ] a log scale. The square root of the current above thrcsho]d  is plotted
on a Iincar scale. These figures show that the (} 11/1 ;“1’ operates normally at 4 K without
any anomalies, and that the dcviccs exhibit the cxpcctcd  dcpcndcncc  oJ~ gate voltage and
dcvicc  sire.

“J’hc gate leakage current was JllCaSllred  with the source and drain grounded using an
} ]]}4 ] 45]] semiconductor parameter analyzer. “1’hc gate current for positive and negative
gate voltages at various temperatures between 10 K and 290 K is shown in l~ig.  4. “1’hc
gate current has been Cxamincd  in previous studies and has been shown to bc duc to a
combination of fie]d-emission, thcrmionic-field-emission, thcrmionic-emission, and ohmic
conduction, each of which is dominant for diflcrent  values of the temperature and gate
voltage (8,9). IIclow 10 K, the current is dominated by field mission. For  reverse gate

volta,gcs  (nc,gativc  for n-channel C3 lI~IITs),  the current is dcscribcd  WCII by the l~owlcr-
Nordhcim equation. l’hc forward current also appears to bc field emission, but its voltage
dcpcndcncc dots not fit the Fowler-Nordhein~  dcpcndencc.  Neither forward or reverse
current shows any rcgu]ar  dcpcndcnce  OJ1 the gate area or width. ]nstcad, there is a ]alge
and sccming]y  random variation fi’oJ?l device to dcvicc.  WhcJI plotted on a sctnilog  scale,
the current-vohagc curves for various device tends to cluster, with about 80’% of the
dcviccs  on any chip showing approximately the same behavior (within an order of
magnitude), and with 200/0 of the dcviccs as out]icrs,  with Jmlch higher current ]evels
(gt”catcl”  than two orders of magnitude), ‘1’his  indicates that the gate current Jnay bc
dcpcndcnt oJl the material, e.g., tunneling through defects, or process dcpcndcnt, e.g.,
tUllI)C]hlg  froJll pOiJlt  eJllhterS  OJI thC gatC e d g e .

‘l”hc gate current dots show a strong dcpcndcnce  OJI the doping level adjacent to the
gate edge. Four sets of devices WCJ’C made froJn the quadrants of onc wafer. 13ach  received
a diflcrcnt  doping implant. ‘1’hrcc of the four rcccivcd  a light well implant before the gate
was deposited, which was p-type for the n-ChannC]  devices and n-type for the p-channel
dcviccs.  After the gate was defined, the dcviccs rcccivcd an implant adjacent to the gate.
A gate sidewall spacer was then attached to the gate and the source and drain implants
were done. Thus the doping in the sidewall region adjacent to the gate could bc controlled



indcpcndcnt  of the source and drain implants, ‘1’hc three quadrants that rcceivcd the WC] I
implant were fabricated with heavy, moderate, and light sidewall region doping. The
quadrant that reccivcd no well implant was fabricated with nmdcratc  sidewall region
doping. “1’hc gate currents for a typical dcvicc from each quadrant arc compared in }Fig.  5.
‘1’hc current for the dcvicc with heavy sidewall region doping is much Iargcr that the
others. “1’hc dcvicc  with the light sidewall region doping has the smallest current. ‘1’hc
dcviccs  with the moderate sidewall doping had gate currents which were comparable to
but slightly greater than that with the light doping. The device with moderate sidewall
doping that rcccivcd  the WCI1 implant showed smaller leakage current than the clcvicc  than
did not rcccivc  a WCII implant.

“J’hc gate current and drain current for the dcvicc with the light sidewall doping is
shown in l;ig, 6. The data rcprcscntcd  by the solid lines were rccordcd with the } 11]4 14511
parameter analyzer which has a sensitivity of 1 pA, A Kcithlcy 617 clcctromctcr  was uscci
in the integrating mode to measure the gate current down to about 10-] 4 amps. ~’his data
is plotted as discrctc  circles in Fig. 5. It can be seen from the subthrcsho]d  drain current
data that it requires a gate voltage about 0.85 V to bias the device at about 10 nA, which
is a reasonable value of bias current to usc in low-power readout circuit applications. At
this gate vohagc the gate leakage current is on the order of 10-14 amps,

‘1’}lli  NOIS~t VC)I.’I’AGI;

‘1’hc input-referred noise voltage was measured using the circuit shown in F’ig, 7. ‘1’hc
di~crcntial  amplifier is used to feed back a signal to the gate that keeps the source current
constant. The voltage at the output of the amplifier directly provides an atnplificd replica
of the input-referred noise. The noise vohagc  of three different size n-channel cl lf;l~Ts,
and for 50x50 pm 0 II;JYJ’s with and without a WCII implant, are shown in Pig. 8. ‘1’hc
voltage noise of the Iargcst dcvicc without the WCII implant is approximately 1 IiV/~J  lZ at
100117,. ‘1’hc noise dccrcases  with increasing dcvicc size, an effect that has been observed
in most types of transistors. The noise is incrcascd  by the addition ofthc WCII implant. “1’his
is cxpcctcd, since additional dopants tend to increase the trapping and scattering of
carriers. The noise was also measured as a fllnction of the tcmpcraturc,  draii~ bias current,
and source-drain vohagc.  None of these had a very significant cflcct.  }~or some reason,
many of the dcviccs  showed a peak in the noise at approximately 501 Iz. Some sot-[ of
pickup is suspected, but its origin has not yet been found and is still  under investigation.



Several ctifl’ctcnt  simple 8x 1 multiplexer circuits were also fabricatcct  and tested at 4
K, In each of these a voltage could bc storcct  cm eight capacitors that simlatcct  a small
linear array of detectors. Addressable tcadout  electronics were conncctcd  to each
capacitor and to common output circuitry which included a source follower output driver.
Most of these circuits did not operate properly at 4 K. “1’hc p-channci  0 INi’1’s uscct  to
rmct the capacitor voltage appeared to exhibit high leakage current from the drain to the
.gatc  and source. As a result, the output was influenced by the reset voltage and reset gate
cnab]c. l)-chatmel C3 ll~lirl’s  were also used in the CCII select of most of the circuits, and the
leakage of the p-channc] dcviccs  made it impossible to disable the dcviccs  completely. It
was not possib]c  to demonstrate the multiplexing action in these devices.

Onc circuit did function, although with Iimitcd Jlcrformancc.  ‘1’his circuit consisted of
a multiplexed array of operational amplifiers which were enabled by sending a bias voltage
signal to the n-chantlcl  current source of the differential pair in the sclcctcd  cell. Although
the failure of the p-channel Cl lf~E1’s  still  made it impossible to turn o~ the capacitor reset
vohagc complctc]y,  and probably rcduccd the impcdancc  of the invcrtcr load, it was
possib]c to scc both invcr[ing and non-inverting action in the dcvicc.

‘1’his circuit, called the switched op-amp multiplexer, consists of eight diflcrcntial
pairs, each conncctcd  to an addressable pair source. q%c drain ofthc inverting transistor of
each pair is conncctcd  to a common p-channel active load. “1’hc output voltage is buflcred
through an n-channc]  source follower conncctcd  to an n-channel current source transistor.
A circuit schematic for the switched op-amp multiplexer along with the inverting transfer
characteristics for each CCH measured at 4 K arc showJ] in }~ig.  9. q’hc voltage gain at 4 K
is approximately 250.

SUh4MAl{Y

‘Ilc cl 110;”1’ has been shown to bc completely fllnctional  at 4 K, with no anomalies
or hysteresis. It has a clean subthrcshold  current-voltage characteristic and allows the
capability of complementary dcviccs.  ‘1 ‘hc gat c leakage is strongly dcpcndcnt  on the
doping concentration in the region adjacent to the gate, and a Cl lfJE’1’ using a sidewall
spacer and light sidewall region doping had a gate leakage current of approximatc]y
10-14 amps for gate voltages that biased the dcvicc in the subthrcsho]d  region. ‘1’hc noise
voltage for the ~JII~IH’s  is on the order of 1 pV/~}17,  at 100 IIz. It increases as the
dcvicc size is reduced, or with the addition of a well implant. A multiplexed op-amp using
0 ll;l:”l’s  was designed, and was functional at 4 K,



.

While the capability of complementary logic and anomaly ficc performance at low
tctnpcraturcs make the ~} IP’l;r]’ potentially attractive for low-power, low temperature
circuitry, the gate Icakagc  is still too high for some applications, and the noise is
prohibitively high for most readout applications. IIut-thcr improvement is necessary to
make the (111;1;3’ suitable for rcactout applications below 4 K.
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